INTRODUCTION
Tumors exhibit a co-operational and evolving coexistence of a number of cell types, including cancer cells, cancer initiating cells, endothelial cells, pericytes, immune cells, adipocytes and fibroblasts. These various cell types, of which fibroblasts constitute a major fraction, are embedded in the extracellular matrix, the composition of which is determined by a multitude of factors (such as growth factors, chemokines and cytokines) that are released by the different cell types. These autocrine/ paracrine acting factors have a determinant role in the survival and progression of tumors. [1] [2] [3] Various growth factors are released by the tumor cells in their niche and act on several other cell types to promote tumor growth. One of the factors, sonic hedgehog (shh), has been widely implicated in a variety of cancers. 4, 5 shh, when it is released from tumor cells, binds to its cognate receptor patched (ptch1) in stroma, thereby causing the release of smoothened (Smo), which subsequently leads to the activation of transcription factor Gli. Gli activation results in the increased production of various growth factors, such as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF) and angiopoietins, 6 which contribute to tumor cellular proliferation, metastasis and resistance to therapy. 7 Activation of this pathway is limited by hedgehog binding proteins, such as hedgehog interacting protein (hhip). 8 Activating mutations in Hh pathway genes are associated with cancers in several tissues, such as brain, lung, mammary gland, prostate and skin. [9] [10] [11] [12] In addition, the Hh pathway promotes survival, proliferation and the epithelialto-mesenchymal (EMT) transition of tumor cells, causing metastasis. [13] [14] [15] The Hh pathway inhibitor hhip is highly expressed in endothelial cells; however, its expression is sharply reduced in epithelial cells and fibroblasts, during angiogenesis and in tumor tissues. 16 Deletion of hhip from stromal cells promotes the proliferation of leukemic cells. 17 Loss-offunction hhip mutations mainly affect lung and endochondral skeleton in mouse, with postnatal lethality in homozygous knockout mice as a result of respiratory failure. 18 These studies show that hhip is a highly specific and potent endogenous inhibitor of Hh pathway and this pathway has a crucial role in controlling tumor growth and angiogenesis, yet the role of hhip in tumor angiogenesis is not well understood.
Here we used hhip heterozygous mice to investigate the potential effect of hhip on tumor blood vessels. Reduced hhip expression in mice resulted in increased Hh activity in tumor fibroblasts. This effect resulted in an increased secretion of VEGF from fibroblasts, which exhibited a paracrine effect on endothelial cell proliferation and increased the vascular density in tumors. Although reduced hypoxia was observed in the tumor environment, the vessels resulting from the downregulation of hhip still had abnormal phenotype.
MATERIALS AND METHODS Mice
C57BL6 male mice (5-7 weeks old) were purchased from Daehan Biolink (Seoul, Korea), and Hhip knockout mice were purchased from The Jackson Laboratory (Davis, CA, USA). Genotyping of hhip mice was performed using the following primers: 5′-ATCCTCCC GCGTCCTGCCCTTG-3′ and 5′-TCAGGCACCGTCTCCTTCTCGC -3′ for the wild-type gene; 5′-ATCCTCCCGCGTCCTGCCCTTG-3′ and 5′-TCGCGTCTGGCCTTCCTGTAGC-3′ for the mutant gene. The wild-type gene produced a PCR product of 169 bp, whereas the mutant gene produced a 460-bp product.
All mice were maintained in a laminar airflow cabinet under specific pathogen-free conditions. The facilities were approved by the Association of Assessment and Accreditation of Laboratory Animal Care, and animal experiments were conducted under the institutional guidelines established for the Animal Core Facility at Yonsei University College of Medicine, with approval from the institutional care and use committee.
LacZ staining
Mouse embryos were dissected from extraembryonic membranes and fixed in fixative solution (5 mM EGTA, 0.2% glutaraldehyde and 2 mM MgCl 2 in 0.1 M phosphate buffer, pH 7.3) for 30 minutes. Embryos were rinsed in detergent rinse (2 mM MgCl 2 , 0.02% NP-40 and 0.01% sodium deoxycholate in 0.1 M phosphate buffer, pH 7.3) for 15 min thrice at room temperature and were then incubated in embryo staining solution (2 mM MgCl 2 , 0.02% NP-40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 0.01% sodium deoxycholate, 1 mg ml − 1 X-gal in 0.1 M phosphate buffer, pH 7.3) at 37°C for 4 to 5 h. Stained embryos were stored in 70% ethanol at 4°C and later photographed. 
Tumor permeability and vascular perfusion
Tumor permeability was assessed by the Evans blue and the fluorescein isothiocyanate (FITC)-dextran assays as previously described. 19 Evans blue (50 mg kg − 1 ) was injected intravenously, and tumors were excised 30 min later. Tumors were dried at 60°C for 16 h, and then dye was extracted with 1 ml formamide at 55°C for 16 h. Absorbance was measured at 620 nm.
Vascular leakage visualization with FITC-dextran was achieved by an intravenous injection of 3 mg per mouse FITC-dextran (40-kDa; Sigma Aldrich, St Louis, MO, USA) 10 min before tumor capture. Tumors were then fixed briefly in 4% paraformaldehyde, and cryosections were made to observe vascular leakage by fluorescence microscopy.
Histology and immunostaining
To evaluate tumor histology, tumors were excised after perfusing the mice with 1% paraformaldehyde and were briefly incubated in 4% paraformaldehyde. After an overnight incubation in 15 and 30% sucrose each, the specimens were embedded in optimal cutting temperature compound and sectioned at 30 μm thickness. Staining was performed as previously described 20 by incubation with one of the following antibodies: rat anti-CD31 (1:100; BD Pharmingen, Seoul, Korea), goat anti-VE-cadherin (1:100; Santa Cruz, Santa Cruz, CA, USA), mouse anti-Ki67 (1:100; BD Pharmingen), rabbit anti-NG2 (1:500; Millipore, Seoul, Korea), rabbit anti-FAP (1:100; Novus Biologicals, Littleton, CO, USA), mouse anti-hhip (1:100; Novus Biologicals), rabbit anti-Ptch1 (1:100; Santa Cruz) or rabbit anti-VEGF (1:200; Abcam, Cambridge, UK). The sections were then incubated in Alexa Fluor-conjugated secondary antibodies. Nuclear staining was performed with 4′,6-diamidino-2-phenylindole (DAPI, 1 ng ml − 1 ). Sections were then photographed with a confocal microscope (Zeiss LSM 510, Oberkochen, Germany).
Hypoxia was detected by the pimonidazole adduct formation caused by an intravenous injection of 75 mg kg − 1 pimonidazole (Hypoxyprobe-1, Chemicon, Binerica, MA, USA) 1 h before tumor capture. Adducts were stained with a monoclonal antibody directed against pimonidazole (Hypoxyprobe-1 kit, Chemicon).
Western blotting
Western blot analysis was performed as previously described. 21 Tumor specimens (1 mm 3 tissue) were homogenized in RIPA buffer and centrifuged. The proteins obtained from the supernatants were electrophoresed on 8% sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes. The primary antibody used to visualize the protein bands was rabbit anti-Ptch1 (Santa Cruz). Horseradish peroxidase-conjugated secondary antibody was obtained from ThermoScientific (Rockford, IL, USA). Protein bands were detected using an ECL Western blotting detection kit (Amersham Biosciences, San Francisco, CA, USA) according to the manufacturer's instructions.
Real-time PCR
Total RNA was isolated from B16F10 tumor samples using RNeasy Plus Universal kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. cDNA was synthesized, and real-time PCR was performed on a pikoreal 96 machine (ThermoScientific) using Maxima SYBR green qPCR master mix (ThermoScientific). Gene-specific primers were used at a final concentration of 0.5 μM, and their sequences are listed in Supplementary Table 1. All qPCR assays were performed in triplicate in at least three independent experiments using two different samples.
Statistical analysis
All statistical analyses were performed using GraphPad Prism (version 5.0; GraphPad Software, La Jolla, CA, USA). Tests for statistical significance were two-sided, and probability values o0.05 were considered significant. Student's t-test or analysis of variance was used to compare mean values, and the results are presented as the mean ± s.e.m. or s.d. Image analysis was performed using the ImageJ program.
Ethics statement
This investigation was conducted in accordance with the ethical standards and according to the Declaration of Helsinki and national and international guidelines. The study was approved by the Animal Core Facility at Yonsei University College of Medicine.
RESULTS
Tumor growth was enhanced in Hhip+/ − mice Given that homozygous knockout of hhip resulted in postnatal lethality in mice, we used hhip heterozygous mice for the experiments. Heterozygosity was confirmed at the embryonic stage by LacZ staining and genotyping; in adult mice, heterozygosity was diagnosed by genotyping ( Figure 1a) . qRT-PCR of RNA isolated from whole embryos revealed that the expression of Ptch1 and Gli2, targets as well of components of the hhip pathway, was increased in homo/hetero knockout embryos (Figure 1b) . In adult mice, increased Ptch1 expression was observed in lungs, which are the target organs of the hhip pathway (Supplementary Figure 1a) . First, we analyzed the blood vessel phenotypes in hhip mutant embryos and their corresponding yolk sacs. However, no obvious difference was observed (Supplementary Figure 1b) . This finding prompted us to redirect our focus on pathological angiogenesis in adult mice. B16F10 tumor cells were injected (Figure 1c ). This enhancement in tumor growth was also reflected in the reduced survival of tumor-bearing hhip+/ À mice (Figure 1d) .
Increased tumor growth might result from tumor cell proliferation as well as proliferation of tumor blood vessels. Thus, we immunostained size-matched tumor sections from wild-type and hhip+/ À mice for the proliferation marker Ki67. Compared with wild-type tumors, most of the vessels in hhip +/ À mice tumors exhibited strong positivity for Ki67 (Figures 2a  and b) . Although the extent of proliferation in tumor cells did not differ between the groups, an enhancement in vascular proliferation was demonstrated by significantly increased vascular density in hhip+/ À mice tumors (Figures 2c and d) . This increase in vascular proliferation was also demonstrated by ex vivo aortic ring sprout assays (Supplementary Figure 2) . Hence, a reduction of hhip expression in mice could positively affect pathological angiogenesis in tumors.
Tumor vessels in hhip+/ À mice tumors were abnormal in nature We next investigated the phenotype of blood vessels in tumors of hhip+/ À mice. Immunostaining for the hypoxic region in tumors showed that hypoxia was reduced in heterozygous mice (Figures 2c and e) . This soothing effect upon the tumor environment might be attributed to increased vascular density, which could enhance the oxygen supply to the tumor tissue. A reduction in hypoxia might also indicate that the tumor blood vessels in hhip+/ À mice have reduced vascular permeability. However, analysis of vascular leakage by Evans blue and the FITC-dextran leakage method showed that blood vessels from hhip+/ À tumors had significantly increased vascular leakage (Figure 2f-h) . Importantly, immunostaining of hhip+/ À tumor sections for the junctional protein VE-cadherin exhibited punctuated, non-continuous lining of VE-cadherin along the vessel wall, similar to that of wild-type tumors (Supplementary Figure 3) . This finding suggests that the observed increase in leakiness was a result of a combined effect of an increase in vessel number and individual vessel leakiness rather than an increase in the leakiness of individual vessels.
We also analyzed the ratio of perfused blood vessels in tumor sections from wild and hhip+/ À mice. In accordance with the increase in vascular leakiness, tumors from hhip+/ À mice exhibited reduced vascular patency (Figures 2i and j) . Analysis of the pericyte coverage of blood vessels revealed that the extent of blood vessel coverage by pericytes was also reduced in tumors from hhip+/ À mice (Figures 2k and l) . These data suggest that although hhip+/ À mice tumors had an increased number of blood vessels, the individual vessels still had abnormal phenotype.
Hedgehog signaling was upregulated in tumor fibroblasts from hhip+/ À mice Because we observed significant differences in the tumor blood vessels of hhip+/ À mice compared with wild type, we sought to identify the mechanism behind this finding. First, we analyzed the tumor tissues from wild mice to identify the cell types that exhibited hhip expression. Immunostaining of tumor slides from wild-type mice for CD31 and hhip showed that the expression of hhip was primarily located in extra-tumoral tissue. Inside the tumor, blood vessels and other cells exhibited hhip expression, albeit at lower levels ( Supplementary  Figure 4a) . To identify the nature of extravascular cells expressing hhip, we co-stained the tumor sections with fibroblast marker (S100A4) and hhip. These data revealed that the cells expressing hhip were in fact fibroblasts (Figure 3a) . Co-staining of wild-type tumor sections with Ptch1 (one of the targets of Hh signaling) and hhip also demonstrated that cells with Ptch1 expression were the same as those that expressed hhip, that is, fibroblasts (Figure 3b) . Next, we analyzed the Ptch1 expression levels in tumor sections from wild and hhip +/ À mice. High-magnification images clearly showed that the fibroblasts around blood vessels had increased Ptch1 expression in hhip+/ À tumors (Figures 3c and d) . Hence, we hypothesize that the increased hedgehog activity in fibroblasts surrounding blood vessels might explain the observed vascular difference in hhip+/ À mice tumors.
Fibroblasts from Hhip+/ À mice tumors exhibit increased VEGF secretion Because we observed increased Hh signaling in tumor fibroblasts of hhip+/ À mice, we sought to identify the downstream target molecule. Previous studies have shown that fibroblasts exhibit canonical Hh signaling in which angiopoietins and VEGF are secreted in response to increased Hh signaling. 6 Immunofluorescence analysis of tumor sections revealed that VEGF expression was significantly increased in hhip+/ À tumors and that the expression was confined around fibroblast cells (Figures 4a and b) . qRT-PCR analysis of samples from wild-type and hhip+/ À tumors confirmed the staining results (Figure 4c ). We also assessed the expression of other downstream targets of canonical Hh signaling, such as angiopoietins in the RNA samples isolated from whole tumors of wild and hhip+/ À mice. However, no significant difference in gene expression was observed (Supplementary Figure 4b) . Thus, our data suggest that increased angiogenesis observed in the B16F10 tumor grown in hhip+/ À mice might be due to the increased secretion of VEGF from tumor fibroblasts ( Figure 5 ).
DISCUSSION
Here we demonstrated that the heterozygous deletion of hhip from host mice could affect hedgehog signaling in tumorassociated-fibroblasts (TAFs), leading to increased pathological angiogenesis. The absence of a single copy of hhip in the host genome mostly affected stromal cells in the tumor niche. Enhanced unchecked activity of the Hh pathway led to the increased secretion of the growth factor VEGF from fibroblasts, which affected the nearby endothelial cells and led to elevated vascular density.
TAFs are distinctive and the major component of the tumor microenvironment, a niche that has a significant role in tumor growth and pathological angiogenesis. TAFs play an important role in tuning the various signaling events that occur in the tumor environment. 22, 23 TAFs have a typical genetic signature compared with fibroblasts from normal tissues. 2,3,24 Previous studies with breast carcinoma have shown that these TAFs could promote the growth of tumor cells and recruit EPCs to tumors in part through secretion of stromal cell-derived factor (SDF)-1. 25 TAFs also promote tumor progression through secretion of multiple factors and MMPs, inducing stemness, EMT and epigenetic changes. 26, 27 In our study, we found that TAFs were the major cell population affected by deletion of hhip in host mice. Hh signaling, as indicated by the elevated expression of Ptch1, was specifically upregulated in TAFs, which led to observed difference in blood vessel growth. Our observation is also consistent with a previous report in which ectopic expression of shh was found to enhance tumor angiogenesis via canonical signaling in stromal cells. 6 Hhip is the endogenous inhibitor of hedgehog pathway, a pathway that impacts various stages of tumor growth. The Hh pathway is an active participant in cancer development, progression and metastasis. 4 Gli-Hh signaling has also been reported to enhance the proliferation of melanoma cells. 28 Glioma cell proliferation is supported by one of the Hh pathway targets, cyclin D2; 5, 29, 30 similarly, breast cancer metastasis is promoted by one of the targets of the Hh pathway, CYR61. 31 The Hh pathway promotes the expression of VEGF and angiopoietins in tumor environment, thereby promoting the proliferation of blood vessels and promoting tumor malignancy. 6 The Hh pathway also supports tumor cell invasion by increasing cell motility and MMP expression and by directly targeting genes associated with EMT, such as Snai1. 13, 32 Furthermore, the pathway supports cancer genomic instability and inflammation. 33 As a negative regulator of the Hh pathway, Hhip is downregulated as a result of promoter hypermethylation in a number of cancers. [34] [35] [36] Knockdown of hhip in bone marrow-derived stromal cells supports the proliferation of Smo+ leukemic cells. 17 However, the direct effect of hhip knockdown on endothelial cells is not clear. Here we heterozygously knocked out hhip in mice and studied its effect on both physiologic and pathologic angiogenesis. The absence of a single copy of functional hhip had a minimal effect on vascular growth in embryos and yolk sacs, as demonstrated by our observation; however, the effect on tumor angiogenesis was significant. Although no improvement in vascular normalization was observed, the vascular density increased in hhip+/ À mice tumors. Hhip deletion could impact tumor metastasis; however, further investigations are needed.
Factors affecting the tumor microenvironment could have great impact on tumor growth and metastasis. Our study is the first to demonstrate that the systemic deletion of hhip could have a positive effect on tumor angiogenesis. This investigation furthers our understanding of the mechanism underlying the impact of the Hh pathway on tumor growth and supports the idea that tumor fibroblasts are promising targets for tumor therapy. 
